Cardiac complications are the leading cause of death in diabetes. However, the mechanism of diabetes in inducing myocardial injury and apoptosis, and whether the thioredoxin (Trx) system is involved remain unclear. In this study, male Sprague -Dawley rats were randomly divided into two groups: the control and the diabetes groups, and then were randomly divided into five different timepoints (the 1st, 2nd, 4th, 12th, and 24th week). The results showed that diabetes-induced cardiac injury was enhanced in the type 2 diabetes rats, as evidenced by aggravated cardiac dysfunction, biochemical indicators, and increased myocardial apoptosis (TUNEL and caspase-3 activity). The activity of myocardial Trx and Trx reductase (TR) in diabetic rats was significantly decreased from the second week and continually aggravated with the disease progression. In diabetic rats, the mRNA expression of Trx1, Trx2, TR1, and TR2 was decreased first and then increased after the fourth week. Meanwhile, the protein expression of these Trx system members was significantly increased at the 12th week. Trx nitration was cleared, the Trx/ASK1 interaction was significantly decreased, and the activity of p38 was significantly enhanced in cardiac tissues at the 12th week. These results demonstrated that diabetes may cause myocardial injury and apoptosis, and the extent of which was accompanied with the development of the disease. The mechanism is associated with the development of diabetes and the decreased activity of Trx and TR. The reasons for decreased Trx activity may include: decrease of Trx and TR protein expression; nitration modification of Trx; and up-regulation of TXNIP expression.
Introduction
With the improvement of people's living standards, the incidence and mortality of diabetes were significantly increased. Diabetes mellitus (DM) has become a major threat to the health of mankind. Type 2 diabetic (T2DM) is the commonest form of diabetes constituting nearly 90% of the diabetic population in any country. Although people of the middleaged and the elderly are more likely to develop T2DM, it alarms us that there are an increasing number of young T2DM patients [1] . Among the diabetic complications, cardiac event is the highest risk, and it has become a leading cause of death of diabetes [2] . The resistance of myocardial cells to injury was reduced in diabetes. Human and animal studies have clearly indicated that in the cases of myocardial ischemia and infarction, the heart damage are more severe than non-diabetic patients, as well as with expanded infarct area, increased arrhythmia, and significantly higher mortality rate [3, 4] . The mechanisms of diabetic cardiac complications have been studied mainly in the coronary vascular injury, while direct injury to myocardial cells received very little attention.
Thioredoxin (Trx) system is an important protein system in the body, widely expressed in various cells, and plays an important role in the occurrence and development of diseases involving in free radical damage and apoptosis such as inflammation, tumor, and reperfusion injury [5, 6] . Diabetes patients show significant glucose and lipid metabolic abnormalities, with generation of a large number of free radicals, including peroxynitrite (ONOO 2 ); at the same time, others and our previous researches have shown that there is also apoptosis of myocardial cells [7, 8] . Considering that Trx system is an important anti-free radical damage system and can inhibit cell apoptosis in vivo, we speculated that Trx might be involved in a variety of damages caused by DM.
Currently, the mechanism of Trx inhibition of cell apoptosis and promoting cell growth is not fully understood, but it is known that Trx may bind with an important intracellular pro-apoptotic protein, apoptosis signal regulating kinase 1 (ASK1) to inhibit and then reduce the occurrence of apoptosis [9, 10] . The anti-apoptotic effect of Trx may be due to its chemical modification. Our previous studies have demonstrated that Trx plays a very important role in cell apoptosis induced by myocardial ischemia-reperfusion injury, through generation of a large number of ONOO 2 , which can cause the nitration of the tyrosine 49 of Trx [11, 12] . The nitrated Trx loses the ability to bind with ASK1, while free ASK1 could then activate the downstream of c-Jun N-terminal kinase (JNK) and p38 kinase, the two important apoptosis induction kinase systems, to induce apoptosis. Trx interacting protein (TXNIP) is a physiological, internal Trx regulatory protein, which may bind with Trx, and the bound Trx loses the inhibition of cell apoptosis, thereby increasing cell apoptosis.
Therefore, the aims of the present study were as follows: (i) to observe the extent of myocardial injury and apoptosis and to analyze its possible mechanisms in streptozotocin (STZ)-induced T2DM rats at different timepoints; (ii) to determine whether Trx activity is reduced in the T2DM heart; (iii) to identify the mechanism responsible for diabetesinduced Trx alteration; and (iv) to determine the signaling mechanism by which reduced Trx activity leading to apoptotic cardiomyocyte death in the T2DM heart.
Materials and Methods

Animals
The investigations conformed to the 'Guiding Principles in the Use and Care of Animals' published by the National Institutes of Health (NIH publication no. 8523, revised 1996), and were approved by the Institutional Animal Care and Use Committee of Shanxi Medical University. The 2-to 3-month-old male Sprague-Dawley rats were obtained from Shanxi Medical University.
Experimental protocol
The T2DM rats were subjected to a high-sugar and a high-fat diet and an STZ injection [40 mg/kg, intraperitoneally (i.p.)] [13] . The control rats (controls) were given only normal diet and equal amount of citric acid buffer injection. One week after injection, fasting blood glucose (FBG) from tail vein blood was measured with FBG 16.7 mM [14] , and no significant blood sugar decrease was observed, indicating successful establishment of the T2DM model of rats.
Male Sprague-Dawley rats were randomly divided into two groups: the control group (control), the diabetes group (T2DM). Then the rats in the control group and the T2DM group were randomly divided into five groups of different time points (the 1st, 2nd, 4th, 12th, and 24th week), with 10 in each group. Four rats died during the experiment, leaving 46 in the T2DM group and 50 in the control group.
Determination of blood glucose and insulin
At the beginning of feeding, 1 week after STZ treatment, and at different time points after STZ injection (the 1st, 2nd, 4th, 12th, and 24th week), the blood samples were collected, respectively, from the tail vein of the rats that had been fasted overnight, and the blood glucose was measured by the OneTouch blood glucose meters (Johnson & Johnson, New Brunswick, USA). The blood samples were centrifuged at 6750 g for 10 min and the plasma was drawn off. The serum was analyzed spectrophotometrically using insulin ELISA kit (ADL, New York, USA) to determine the level of insulin according to the manufacturer's instructions.
Determination of ventricular function in vivo
At the different time points, the rats were sacrificed in batches and the indicators of cardiac function in vivo were measured. Following anesthesia with intravenous injection of urethane (20%, 1 g/kg), the heart was exposed via a median line left thoracotomy and a catheter was inserted into the left ventricle though the ventricular wall for measurement of the left ventricular pressure [15] . Left ventricular systolic pressure (LVSP), left ventricular diastolic pressure, left ventricular end-diastolic pressure, and maximal rate of rise and decline of ventricular pressure (+dP/dt max ) were obtained by MS 2000 Bio-Signal analysis system (Chengdu Taimeng Technology Co., Ltd, Chengdu, China). While the chest was open, the pleurae was not destroyed, thus autonomic respiration was maintained.
Determination of serum creatine kinase-MB and cardiac troponin I activity Arterial blood samples were collected before the rats were sacrificed in all the groups. Samples were centrifuged at 6750 g for 10 min and the plasma was drawn off. The serum was analyzed spectrophotometrically for creatine kinase-MB (CK-MB) and cardiac troponin I (cTnI) activity according to the manufacturer's instructions.
Determination of caspase-3 protease activity and myocardial apoptotic death The substrates Ac-DEVD-AFC, Ac-IETC-AFC, and Ac-LEHD-AFC were used, respectively, to determine the caspase (-3, -8, and -9) protease activity according to the manufacturer's instructions (Biomol, Houston, USA) [16] . Myocardial tissue was homogenized in ice-cold lysis buffer and then centrifuged at 27,000 g for 10 min at 48C. The supernatant (50 ml) was harvested and incubated with a buffer containing 10 mM dithiothreitol (DTT) and 5 ml of the substrate (the final concentration is 200 mM) at 378C for 1.5 h. The activity of caspase was determined using a spectrophotometer at 405 nm (SpectraMax M2e, Molecular Devices, Sunnyvale, CA, USA) and the AFC content can be calculated with the AFC standard curve. Caspase activity can be calculated as: [AFC (90 min) 2 AFC (0 min)]/ protein loaded/1.5 h.
An in situ cell death detection kit (Roche, Basel, Switzerland) was used to examine myocardial apoptosis as reported previously [17] . Briefly, the transmural myocardial tissues were fixed with 4% paraformaldehyde in phosphatebuffered saline and embedded in paraffin. The TUNEL staining was then performed on the paraffin slides according to the manufacturer's protocol. Apoptosis index was assessed by measuring the percentage of apoptotic nuclei in each slide.
Determination of Trx activity
Trx activity was determined by using the insulin disulfide reduction assay [18, 19] . Briefly, 160 mg of myocardial tissue extracts were pre-incubated at 378C for 20 min with 4 ml activation buffer [50 mM 4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES), 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mg/ml bovine serum albumin (BSA), and 2 mM DTT] to reduce Trx. After the addition of 20 ml reaction buffer (250 mM HEPES, 10 mM EDTA, 2 mg/ml NADPH, and 6 mg/ml insulin), the reaction was started by the addition of mammalian Trx reductase (TR, 4 ml, 3 U/ml; Sigma, St Louis, USA) or water as a control, and the samples were incubated for 1 h at 378C. The reaction was terminated by adding 125 ml of stopping solution [0.5 M Tris-HCl, 6 M guanidine-HCl and 4 mg/ml 3-carboxy-4-nitrophenyl disulfide, and 0.4 mg/ml 5, 5 0 -dithiobis(2-nitrobenzoic acid) (DTNB)] and the absorption values were measured at 412 nm.
Determination of TR activity TR reduces DTNB using reducing equivalents from NADPH. The product in the reaction, 5 0 -thionitrobenzoic acid, is yellow and has a maximum absorbance at 412 nm. The reduction of DTNB was used to determine TR activity using Thioredoxin reductase assay kit (Cayman, Ann Arbor, MI, USA) according to the manufacturer's instructions.
Detection of Trx system mRNAs by real-time quantitative polymerase chain reaction Analysis of gene expression was carried out by using realtime quantitative polymerase chain reaction (PCR) with SYBR green (Sigma) in the Mx3005 real-time PCR system (Stratagene, Cedar Creek, USA). Total RNA was extracted from cardiac tissue using the Trizol reagent (Invitrogen, Carlsbad, USA). Total RNA (3 mg) was reversely transcribed into cDNA. The thermal profile for real-time quantitative PCR was 958C for 30 s, followed by 40 cycles of 958C for 5 s, and 608C for 20 s. The primer sequences were shown in Table 1 .
Samples were normalized to GAPDH expression to ensure equal loading. The specificity of the amplified product was monitored by its dissociation curve. The results, expressed as the fold difference in the number of target gene (Trx1, Trx2, TR1, TR2, or TXNIP) copies relative to the number of GAPDH gene copies, were determined by the relative quantitative 2 2DDCt method [20] , using the following equations:
Detection of Trx system proteins by western blot analysis Myocardial tissue was saved for the analysis of Trx system proteins using western blot analysis. Briefly, cardiac tissue (50 mg) was lysed, and then homogenated to extract the total protein. Protein concentration in the supernatant was determined using BCA kit (Pierce, Rockford, USA). Total protein (50 mg) was loaded on a 10% sodium dodecyl sulfate -polyacrylamide gel electrophoresis (SDS-PAGE), electrophoresed, and transferred onto nitrocellulose membrane. After being blocked with 5% BSA at room temperature for 2 h, the membrane was incubated with primary antibody overnight at 48C (Trx1: 1 : 7500, Millipore, Billerica, USA, #AB9328; Trx2: 1 : 1000, Abcam, Cambridge, UK, #ab16838; TR1: 1 : 5000, Millipore, #07-613; TR2: 1 : 2000, Abcam, #ab16841; and TXNIP: 1 : 1250, Invitrogen, #40-3700), and then incubated with the horseradish Table 1 . The primers used in this study
Gene
Forward primer Reverse primer Gene ID peroxidase-conjugated anti-rabbit IgG (Cell Signaling, Beverly, USA). The membrane was developed with a SuperSignal chemiluminescent detection kit (Pierce) and visualized with a Kodak Image Station 400 (Rochester, USA). The blot densities were analyzed with Kodak 1D software (version 3.6) [21] .
Detection of Trx nitration formation
Tissue block was lysed and homogenized. The protein concentration in the supernatant was determined using BCA kit. Briefly, 60 ml of protein A agarose beads was mixed with 200 ml of binding buffer containing 8 ml of a monoclonal antibody against Trx1 (OriGene, Rockville, USA), then incubated with gentle rocking at 48C for 1 h. The mixture was mixed with 400 mg of sample protein and binding buffer to a total volume of 500 ml, and was subsequently rocked gently overnight at 48C. The mixtures were centrifuged at 31,500 g for 2 min and the supernatant was discarded. Then, 500 ml of binding buffer was added and the mixture was mixed upside down about 10 times, subsequently being centrifuged at 31,500 g for 2 min. The supernatant was drawn off, and the agarose beads were washed three times with binding buffer. Finally, 20 ml of the sample buffer was added to the agarose beads, mixed and heated at 958C for 5-10 min, and then the extract was subjected to a conventional SDS-PAGE. Trx nitration formation was measured by western blot analysis using a monoclonal antibody against nitrotyrosine followed by enhanced chemiluminescent detection.
Detection of Trx/ASK1 interaction Cardiac tissue was homogenized with lysis buffer. Immunoprecipitation and immunoblotting were performed according to the procedure described by Vadseth et al. [22] . In brief, endogenous Trx1 was immunoprecipitated with an anti-rat Trx1 monoclonal antibody (OriGene). After sample separation, the Trx1/ASK1 interaction was determined by using a polyclonal antibody against ASK1 (Upstate, Billerica, USA). The blot was developed with SuperSignal-Western reagent (Pierce) and visualized with a Kodak Image Station 400. The blot densities were analyzed with Kodak 1D software (version 3.6).
Detection of p38 kinase activity
The p38 kinase activity was analyzed by using a p38 assay kit (Cell Signaling) with activating transcription factor-2 (ATF-2) as a substrate according to the manufacturer's instruction [23] . Briefly, heart tissue was homogenized in ice-cold cell lysis buffer. The equivalent lysates were immunoprecipitated with a monoclonal antibody against phospho-p38 kinase (Thr180/Tyr182) in order to separate the activated p38 kinase. The p38 kinase was incubated with ATF-2, then the mixture was separated by SDS-PAGE, and ATF-2 phosphorylation was measured by western blotting using a monoclonal antibody against phosphorylated ATF-2 followed by enhanced chemiluminescent detection.
Statistical analysis
All data were presented as the mean + SD and analyzed by using SPSS 15.0 software. To calculate the difference between the two groups, unpaired Student's t-test was used. For datasets of more than two groups, one-way analysis of variance was used followed by Bonferroni's test. A value of ,0.05 was considered statistically significant.
Results
The successful establishment of T2DM rat model After 1 week STZ treatment, the level of blood glucose in rats of the T2DM group became significantly higher than that of the control group; meanwhile, the serum insulin level of the T2DM group was not significantly different from that of the control group, even higher at the 24th week ( Table 2) . This suggested that the T2DM rat model was successfully established.
T2DM enhanced myocardial injury
Using a Millar Mikro-Tip catheter and pressure transducer, direct cardiac function index, LVSP, and +dP/dt max values were obtained. To fully realize the characters of myocardial injury in T2DM, time-dependent alteration of hemodynamics among the experimental groups were detected. As shown in Table 3 , the cardiac function in the T2DM group was aggravated at the 12th and 24th weeks, compared with those of the control group; the levels of LVSP and +dP/dt max in the T2DM group were significantly decreased, and became lower as the disease progressed. Biochemical indicators (shown in Table 4 ) were compared with that of the control Thioredoxin system increases cardiomyocyte apoptosis group. CK-MB content in the T2DM group was significantly increased at the 2nd, 4th, and 12th week, suggesting that it was increased with the disease progression; cTnI content in the T2DM group was also significantly increased at the 4th, 12th, and 24th week, suggesting that it was also increased when the disease was prolonged.
T2DM enhanced myocardial apoptotic cell formation
To analyze the myocardial apoptosis, both caspase-3 activity assay and TUNEL staining were carried out. The results showed that caspase-3 activity in the T2DM group was significantly increased at the 4th and 12th week when compared with that of the control group (Fig. 1A) ; caspase-8 activity in the T2DM group was significantly increased at the 4th and 12th week (Fig. 1B) ; while caspase-9 activity in the T2DM group was also significantly increased at the 12th and 24th week (Fig. 1C) . Myocardial apoptosis became obvious after 12 weeks of STZ injection as shown in the caspase-3 activity assay, so we only used TUNEL staining to detect the heart samples at the 12th week. The results showed that a very low number of TUNEL-positive cells were observed in myocardial tissues from the control rats, while a significantly high number of TUNEL-positive cells were observed in myocardial tissues from the 12th week T2DM rats (Fig. 1D) .
The activity of Trx and TR in T2DM rats was decreased The activity of Trx system might be related to the enhancement of myocardial apoptosis in T2DM rat. Compared with the control group, Trx activities in T2DM rats were decreased at the 2nd, 4th, 12th, and 24th week, and continuously decreasing with the development of the disease ( Fig. 2A) . TR activities of T2DM rats were also significantly decreased at the 2nd, 4th, 12th, and 24th week, and continuously decreasing with the development of the disease (Fig. 2B) .
The change of mRNA and protein expression of Trx system in the T2DM heart In order to find the reasons for the decline of the Trx and TR activities, the mRNA and protein expression levels were detected. The results showed that compared with those of the control group, the mRNA expression levels of Trx1, Trx2, TR1, and TR2 in the T2DM group were not significantly different at the 1st and 2nd week, while decreased at the 4th week, increased at the 12th week, and decreased at the 24th week. The differences were of statistical significance except those of TR1 and TR2 at the 24th week (Fig. 3) . Moreover, western blot analysis was used to detect the expression of each protein in the cardiac muscles at the 12th week.
Compared with those of the control group, the protein expression levels of Trx1, Trx2, TR1, and TR2 in the T2DM group were significantly increased (Fig. 4) . Trx nitration was increased, while Trx/ASK1 interaction was inhibited, and p38 activity was increased in the T2DM heart Our recent study has demonstrated that Trx is susceptible to nitrative modification by peroxynitrite, and its activity is irreversibly inhibited by this novel post-translational modification [12] . To determine whether reduced Trx activity observed in the T2DM heart is caused by the increased Trx nitration, Trx nitration in normal and T2DM hearts was detected by immunoprecipitation (anti-Trx) followed by immunoblotting (anti-nitrotyrosine). As shown in Fig. 5 , Trx nitration was not detected in cardiac tissues from control animals. In contrast, obvious Trx nitration was detected in cardiac tissues from the T2DM heart at the 12th week.
Recent in vitro studies have demonstrated that binding/inhibition of Trx with ASK1 is the primary mechanism by which Trx exerts its anti-apoptotic effect [24] . Moreover, the ratio of ASK1/Trx-ASK1 has been shown to be significantly increased in aged mouse livers, and this is correlated with the increased basal activity of the p38 MAPK pathway [25] . While determining whether Trx nitration may alter the Trx/ ASK1 interaction, thereby activating the downstream proapoptotic kinases, two additional observations were made. As shown in Fig. 6 , Trx is physically associated with ASK1
(anti-Trx-1 immunoprecipitation and anti-ASK1 immunoblotting) in cardiac tissues isolated from control animals, and this protein/protein interaction was significantly decreased in the T2DM animals at the 12th week (Fig. 5B) . Consequently, the activity of p38, a pro-apoptotic downstream molecule for ASK1, was significantly enhanced in the T2DM heart compared with the control heart at the 12th week (Fig. 7) .
The change of mRNA and protein expression levels of TXNIP in the T2DM heart TXNIP is the only currently known endogenous Trx inhibitory protein. TXNIP may bind with Trx and then the bound Trx loses the function of inhibiting cell apoptosis. As shown in Fig. 8A , compared with those of the control group, the mRNA expression of TXNIP in the T2DM group was significantly increased at the 4th, 12th, and 24th week. Moreover, the protein expression of TXNIP in the T2DM group was significantly increased at the 12th week (Fig. 8B) .
Discussion
T2DM is a complex, heterogeneous, and polygenic disease. Various types of animal models of T2DM either derived spontaneously or were induced by treating with chemicals, or dietary or surgical manipulations. Furthermore, new animal models developed in the recent years by transgenic and knock-out mice are very expensive in diabetes research. Currently, many studies have reported that high-sugar and high-fat diet feeding animals develop insulin resistance [26] [27] [28] . At the same time, low-dose STZ has been known to induce a mild impairment of insulin secretion that is similar to the feature of the later stage of T2DM [29, 30] ; however, the injection dose of STZ (25, 30, 35, 40 , and 45 mg/kg, i.p., respectively) and its methodologies were not consistent in those studies. In the present study, we chose a combination of high-fat diet with 40 mg/kg STZ injection to mimic the natural process and metabolic characteristics of T2DM in humans. After high-sugar and high-fat diet and STZ injection for 1 week, the level of blood glucose in rats of the T2DM group became significantly higher than that of the control group; meanwhile, the serum insulin level of the T2DM group was not significantly changed or even higher than that of the control group. This suggested that the non-insulin-dependent T2DM rat model was successfully established [31] .
Cardiac complications are the leading cause of death in diabetic patients. In this study, by measuring the cardiac function in vivo, we found that the levels of LVSP, þdP/ dt max , and 2dP/dt max in diabetic rats were significantly decreased from the 12th week, and the results indicated that the pump function of the heart was injured. Plasma biochemical indicators of myocardial injury such as CK-MB and cTnI levels were even elevated from the fourth week, which suggested that myocardial injury may occur in the early stage of diabetes. These parameters were aggravated with the disease progression, and would eventually lead to heart pump dysfunction and heart failure. The mechanism by which diabetes induces myocardial injury is still unclear. Considering that chronic and weak stimulations tend to induce apoptosis, our study mainly focused on cardiomyocyte apoptosis. A clinical research performed by Frustaci et al. [7] with ventricular myocardial biopsies obtained from diabetic patients proved that cardiomyocytes apoptosis were 85 folds higher than necrosis. In the present study, our results showed that caspase-3 activity was significantly increased from the 4th week in diabetic rats, and a significantly high number of TUNEL-positive cells were observed in the myocardial tissues from the 12th week in diabetic rats, indicating that diabetes can elicit myocardial apoptosis. Myocardial cells are terminally differentiated cells and cannot regenerate, so the continuous apoptosis induced by diabetes will inevitably reduce cardiomyocyte number and impair cardiac function.
Many pathways can induce apoptosis, among them the most important ones are the caspase-8 and the caspase-9- dependent apoptotic pathways. The caspase-8-dependent pathway which is mainly mediated by inflammatory mediators such as tumor necrosis factor-a (TNF-a), starts apoptosis by activating caspase-8 through the interaction with its receptor, and is common in a variety of diseases including tumors, inflammation, and trauma [32] . However, the caspase-9-dependent pathway is usually involved in disease processes having lots of free radicals production such as reperfusion injury. As for diabetes, its marked hyperglycemia and hyperlipidemia induced by absolute or relative insulin deficiency evokes a lot of free radical generation and then induces cell apoptosis through caspase-9-dependent pathway [33] . Meanwhile, diabetes is regarded as an inflammatory process with the production of inflammatory mediators such as TNF-a and interleukin-6 [34] , therefore, it would also initiate a caspase-8-dependent apoptotic pathway. Our results showed that the activity of caspase-8 was significantly increased from the 4th week in diabetic rats, while the activity of caspase-9 was significantly increased from the 12th week. Since both caspase-8 and caspase-9 locate in the upstream of caspase-3, we speculated that cardiomyocyte apoptosis is mainly induced through caspase-8-and caspase-9-dependent apoptotic pathways in diabetes, and caspase-8-dependent pathway precedes caspase-9-dependent pathway.
Trx system is a highly conserved protein system which widely exists in all life forms from lower bacteria to higher mammals, including humans [35, 36] . Its family consisted of Trx, TR, and Trx peroxidase. Trx has two configurations: oxidized Trx (Trx-S 2 ) and reduced Trx [Trx-(SH) 2 ]. The reduced Trx may be transformed into oxidized Trx in the progress of scavenging free radicals. Under the action of the TR, the oxidized Trx may get electrons from NADPH and return to reduced Trx. Both Trx and TR have two subtypes. Trx1 and TR1 mainly exist in the cytoplasm, while Trx2 and TR2 mainly exist in the mitochondria. TR and Trx form an effective free radical scavenging system. Besides its antioxidant role, Trx was also reported to have important anti-apoptotic effects. Trx can bind to an important intracellular pro-apoptotic protein, ASK1, thus inhibiting ASK1 activity and the subsequent ASK1-dependent apoptotic pathway. In view of the important role of Trx in antioxidants and anti-apoptosis, we speculated that Trx might be involved in the occurrence of cardiomyocytes apoptosis caused by T2DM. In this study, myocardial Trx activity was significantly decreased in diabetic rats and this phenomenon aggravated gradually with the progression of disease. When Trx is inhibited, it will lose its ability to bind with ASK1, and then the freed ASK1 will activate its downstream protein target, JNK and p38 kinase, the two important pro-apoptotic proteins. In the present study, we also detected Trx -ASK1 interaction by immunoprecipitation method. The interaction of Trx and ASK1 was significantly decreased in the diabetic group, while p38 kinase activity was increased. The interactions among Trx, ASK1, p38 kinase, and apoptosis have been shown in many studies of ischemia/reperfusion injury [37, 38] . Besides, Trx inhibition may also elicit aggravated free radical damage which could be another reason for cardiomyocyte apoptosis found in diabetes, reperfusion injury, and other diseases.
According to our knowledge about Trx, the reasons for the decreased Trx activity in diabetes would be: (i) the expression level of Trx is reduced. In the present study, we found that the expression of myocardial Trx1 and Trx2 are decreased at the early stage of diabetes, partly accounting for the decline of its functions. However, at the later stage (after the 12th week), their expression was increased, which may be a compensatory response to decreased function of Trx system and increased free radical production. So, there must be other factors at this stage responsible for the declined Trx function; (ii) decreased activity of TR impedes the process or cycle of oxidized Trx back to reduced form. In this study, we determined the activity and expression of TR. Our results showed that myocardial TR activity was significantly decreased. This will break the Trx regenerative cycle and reduce the ratio of reduced Trx, and thus inhibit Trx activity or its function. TR expression was also decreased at the early stage of diabetes and increased again at later stage, just like the change of Trx. (iii) Nitrative modification of Trx. It has been reported that ONOO 2 produced in reperfusion injury can induce Trx nitration at tyrosine 49 . The nitrated Trx will lose its ability to bind with ASK1 and then apoptosis was increased [11] . Our previous studies showed that there were large amount of nitric oxide and superoxide anion generated simultaneously in diabetic heart and they could rapidly react with each other to produce ONOO 2 and subsequently result in protein nitration. In this study, we detected Trx nitration directly by immunoprecipitation method. Our studies showed that Trx nitration was significantly increased in the diabetic group compared with control animals. (iv) Trx was inhibited by other endogenous proteins, such as TXNIP (Fig. 9) .
TXNIP, also called (Trx binding protein 2) is the only known endogenous Trx regulatory protein. When bound with TXNIP, Trx will lose its ability to inhibit cell apoptosis. In this study, our results showed that TXNIP expression was significantly increased in the diabetic rat hearts, at both mRNA level and protein level. This is consistent with other reports in many types of cells including cardiomyocytes [39] , and even in human diabetes [40] . High glucose has been identified as an important trigger of TXNIP upregulation. Some researchers suggested that glucose can augment TXNIP transcription through a unique carbohydrate response element (ChoRE) in TXNIP promoter area [41] . Another candidate is p38 kinase. Recently, Su et al. [42] have proved that hyperglycemia enhances myocardial TXNIP expression, possibly through reciprocally modulating p38 MAPK and Akt activation. According to their report, p38 kinase is located at the upstream of TXNIP, which is proposed by other groups [12] . However, it has also been proved that TXNIP binds to and inhibits Trx, Trx binds to and inhibits ASK1 activation, and ASK1 is an upstream kinase of p38 kinase. The best explanation will be that p38 kinase may play roles both in TXNIP upstream and Trx downstream.
In the present study, we detected the expressions of Trx1 and TR1 in the cytoplasm, the expressions of Trx2 and TR2 in the mitochondria, respectively. The results showed that there was no obvious difference of Trx and TR expression between the cytoplasm and the mitochondria. Further studies are needed to ascertain whether there are still some differences of the Trx system between the cytoplasm and the mitochondria.
In conclusion, our findings showed that diabetes may attenuate the anti-apoptotic function of Trx by decreasing TR activity, inducing Trx nitration, up-regulating TXNIP expression, and down-regulating Trx expression in the early stage, and then induce cardiomyocytes apoptosis and heart injury. 
